Transition from fetal to neonatal life requires a number of adaptations which are more difficult to accomplish by preterm than term newborn infants. Knowledge of key regulatory mechanisms of glucose homeostasis during fetal life and the early neonatal period is essential to understand the specificities of glucose homeostasis in preterm infants. During early postnatal life, infants born prematurely are at high risk of altered glucose homeostasis. Early continuous glucose infusion is always required in preterm infants to prevent hypoglycemia and to provide adequate nutritional support. However, many of them develop hyperglycemia during the first week of life when receiving glucose infusion. This review looks at physiological aspects of glucose metabolism in the fetus and term neonate and their disturbances in preterm infants.
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Fetal Glucose Metabolism
Glucose is the main energy source for fetal development. Glucose homeostasis during fetal life depends entirely on continuous placental glucose transfer. Indeed, no significant fetal glucose production has been demonstrated. The fetal glucose pool is in equilibrium with that of the mother [1] .
The fetal endocrine milieu is characterized by high plasma insulin and low plasma glucagon levels. Circulating insulin can be detected after 13 weeks of gestation. The fetal pancreas is able to release insulin in response to glucose and amino acids after the 20th week of gestation. Insulin action is modulated by glucocorticoids which induce the expression of transcriptional factors. These factors regulate the expression of enzymes related to glycogen and lipids synthesis. Insulin is inactive until the onset of corticoid action in the second trimester. This explains why glycogen storage does not occur before the 27th week [2] .
Glycogen synthesis is initiated during the second trimester of gestation and increases slowly until 36 weeks. Then hepatic glycogen content increases quickly until full term to reach 50 mg/g of tissue. Although most gluconeogenic enzymes have a significant activity in the liver of the near-term fetus, gluconeogenesis is inhibited by the presence of high insulin levels and is not functional in utero. Insulin enhances fatty acid synthesis in the liver and glucose uptake in adipose tissue leading to triglyceride synthesis. Human placenta is permeable to triglycerides, free fatty acids and glycerol. Taken together these processes permit fat storage in adipose tissue during third trimester. Fat content of term neonates reaches 16% of body weight at birth [3] . Glycogen and fat constitute stores available for metabolic changes at birth.
Early Neonatal Glucose Metabolism in the Term Neonate
Metabolic changes at birth are regulated in order to ensure continuous fuel supply to the brain and vital organs until enteral feeding provides adequate energy needs.
Endocrine Response at Birth
Constant maternal glucose supply is interrupted by umbilical cord section. It is followed by an endocrine stress response characterized by a huge peak of plasma catecholamine ( ! 3 -10 ), an increase in plasma glucagon ( ! 3 -5 ) and in glucagon receptors and an increase in plasma cortisol level. Plasma insulin level decreases and leads to a low insulin/glucagon molar ratio which is essential for inducing hepatic glycogenolysis and gluconeogenesis [1] . Glucagon and catecholamine activate adenylcyclase which causes an increase in intracellular cyclic AMP and promotes glycogenolysis, lipolysis and gluconeogenesis. Glucocorticoids act in synergy with glucagon and catecholamine. They also promote muscle protein breakdown and lipolysis, thus increasing the availability of gluconeogenic substrates.
Hepatic Glucose Production
The aim of neonatal glucose homeostasis is to provide the brain and other vital organs with sufficient glucose as a key energy source. Glycogenolysis, gluconeogenesis, lipolysis, fatty acid oxidation and proteolysis contribute to this homeostasis.
Hepatic glucose output through glycogenolysis and gluconeogenesis is the only source of glucose until feeding is established. Hepatic glucose production has been estimated to 4-6 mg/kg/min in term neonates. Initial increase in plasma glucagon leads to rapid glycogen breakdown through activating glycogen phosphorylase ( fig. 1 ). Liver glycogen stores are depleted from 50 to 5 mg/g within 12 h of birth. Gluconeogenesis is not active immediately after birth because of the low activity of the cytosolic phosphoenolpyruvate carboxykinase (PEPCK), the rate-limiting enzyme of this metabolic pathway ( fig. 2 ). Liver PEPCK gene and cytosolic enzyme activity increases markedly after birth in response to the decrease in the plasma insulin/glucagon molar ratio. Glucagon and catecholamine surges increase intracellular cAMP that acts on the cAMP response element (CRE) of the promoter of the PEPCK gene. Thus, synthesis of PEPCK mRNA starts at birth [4, 5] . Glucose production by the way of gluconeogenesis starts 2 h after birth and is at its peak after 12 h. Alanine resulting from protein breakdown and glycerol resulting from triglyceride breakdown are the two major gluconeogenic substrates. Delivery of fatty acids to the liver and their further oxidation support gluconeogenesis by providing ATP, acetyl-CoA and reducing equivalents NAD/NADH ( fig. 2 ) [5] . Glucagon inhibits glycogen synthase. At birth, the low insulin/ glucagon ratio acts in favor of glycogenolysis.
Alternative Substrates
Glucose oxidation can only support 70% of the brain energy needs. Ketone body and lactate are important alternative fuels to spare glucose requirement. Long chain fatty acid oxidation and ketone body production are very low in the fetal liver. Hepatic ketogenesis is limited within the first hours after birth and markedly increases during the first 24 h following birth. From 12 h of age term infants show high ketone body turnover rate (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) mol/min). During days 2 and 3 after birth they exhibit high ketone body concentrations [6, 7] . There is evidence that when infants are of appropriate weight for gestational age, ketone body production provides alternative fuels for brain metabolism [7] .
Glucose Transporters
Facilitative glucose transporters (GLUT) use the diffusion gradient of glucose across plasma membrane and exhibit different kinetic properties and tissue expression profiles ( fig. 3 ). GLUT-1 is ubiquitously expressed and is particularly abundant in the blood-brain barrier and erythrocytes. GLUT-2 is primarily expressed in pancreatic ␤ -cells, liver and kidney. In ␤ -cells GLUT-2 plays a role in the glucose-sensing mechanism. It is expressed on the sinusoidal membrane of hepatocytes and allows bidirectional transport of glucose. GLUT-3 has a high affinity for glucose. It is expressed in the brain where glucose requirement is very high. The insulin-responsive glucose transporter GLUT-4 is expressed in heart, skeletal muscle and adipose tissue. Insulin acts by stimulating the translocation of GLUT-4 from intracellular specific vesicle stores to the plasma membrane [8] .
Data from a number of species demonstrate that during fetal and early neonatal life the high-affinity glucose transporter GLUT-1 is the predominant isoform in all tissues [2, 9] . It allows an appropriate response to the high metabolic requirement from fetal growth and development. It progressively decreases after birth, being replaced by specific isoforms in each tissue [10] .
Altered Glucose Metabolism in Preterm Infants

Hypoglycemia
There is a larger fall in blood glucose concentration in preterm than in term infants within the first few hours after birth. Liver glycogen stores are limited in neonates born before 28 weeks of gestation because glycogen storage primarily takes place during the third trimester. One recent study showed that in infants less than 32 weeks' Facilitative glucose transporters. Glut-1 has a low K m and is a high-affinity glucose transporter. It is found in most tissues. The high-affinity transporter Glut-3 is the brain type glucose transporter. Glut-2 is a low-affinity glucose transporter. It is expressed in cells as pancreatic ␤ -cell and hepatocyte, where the metabolism is regulated in response to small variations in blood glucose concentration. The insulin responsive transporter Glut-4 is predominantly found in cardiac and skeletal muscle and adipose tissue. gestational age and 3-6 days' postnatal age glucose production increased in response to glucagon [11] . This was mainly due to an increase in glycogenolysis. However, the amount of glucose released was low in comparison with adults, especially in regard of their higher glucose needs. Gluconeogenesis is then the major pathway of glucose production in these premature neonates. The time necessary to induce the enzymes involved in gluconeogenesis and the absence of stored glycogen make hypoglycemia almost unavoidable in the first few hours after birth if exogenous glucose is not administrated.
Some findings have suggested that gluconeogenic ability is limited, possibly due to immaturity of enzymatic pathways. The activity of microsomal glucose-6-phosphatase (the final enzyme of both glycogenolysis and gluconeogenesis) has been reported to be in the low range in preterm infants [12] . Circulating levels of gluconeogenic substrates have been reported to be rather high: lactate and pyruvate concentrations are similar in preterm infants to those of term infants but alanine concentration is lower (0.18 vs. 0.26 mmol/l, p ! 0.01) [7] . Very preterm infants generate glycerol via hydrolysis of their small fat stores and they convert glycerol into glucose. In infants born as early as 25-26 weeks of gestation parenteral glycerol enhances gluconeogenesis [13] . On the other hand, administration of alanine did not enhance gluconeogenesis, despite a high plasma alanine level [14] . Glycerol enters the gluconeogenic pathway at the level of the triose phosphate pool whereas alanine enters at the pyruvate level ( fig. 2 ) . The lack of stimulation of gluconeogenesis by alanine supply could be consistent with a low activity of enzymes involved in gluconeogenesis downstream of triose phosphate.
Ketogenesis is severely limited in preterm infants. They lack of fat stores in adipose tissue as fat represents less than 2% of total body weight. Compared with term infants they have low ketone body and free fatty acid concentrations during the first postnatal week, with no rise despite low blood glucose levels [7] . This may be related to a combined failure of lipolysis and ketogenesis. However, in contrast to term infants, preterm babies demonstrate a positive relationship between blood ketone body concentrations and the volume of enteral feeding. It may be so because enteral feeding induces ketogenesis enzymes [7] .
Thus, there is evidence that preterm infants are at higher risk for hypoglycemia. Other clinical conditions which are associated with hypoglycemia are common in this population. They include perinatal asphyxia, hypoxia, sepsis, and hypothermia. Preterm infants appear less able to counterbalance those troubles than term infants and to provide alternative fuels for the brain. Even moderate hypoglycemia can lead to an adverse neurodevelopmental outcome [15, 16] . Hypoglycemia should be avoided by treating the underlying condition, providing optimal thermal environment and adequate parenteral energy immediately after birth. Enteral feeding is a stimulus for postnatal metabolic adaptation. Thus, early milk feeding should be encouraged as soon as possible when tolerated, even at a minimal level.
Hyperglycemia
As mentioned above continuous glucose infusion is always required in preterm infants to maintain glucose level. However, under such conditions neonatal hyperglycemia is commonly observed during the first week of life in infants born before 30 weeks of gestation [17] . The neonate weighing less than 1,000 g is 18 times more likely to develop hyperglycemia than one weighing more than 2,000 g [18] . In a large cohort study of infants weighing less than 1,000 g, the occurrence and the level of hyperglycemia significantly decreased when birth weight increased [19] . This emphasizes that the degree of immaturity plays a central role in the physiopathology of hyper- Fig. 4 . Proinsulin, insulin and C-peptide concentrations in control (nonhyperglycemic) and in hyperglycemic preterm infants. In both groups gestational age was less than 30 weeks. Blood samples were obtained in the hyperglycemic group when capillary glycemia was found at least twice above 11 mmol/l before insulin infusion was started. In the other group, blood samples were collected during the first week of life. Median value of plasma glucose concentration was 16 glycemia. There are many conditions that are associated with neonatal hyperglycemia such as stress, drug treatment by steroids or methylxanthines and administration of glucose at excessive rates. Hyperglycemia may appear independently of these conditions when glucose is infused at a rate that matches basal requirement (4-7 mg/ kg/min). Hyperglycemia in the neonate is statistically defined as blood glucose concentration greater than 7 mmol/l or plasma glucose concentration greater than 8.25 mmol/l [19] .
Many have stressed the risk of glycosuria, osmotic diuresis and dehydration although it has been stated that neonates are very unlikely to develop osmotic diuresis due to glycosuria while they have blood glucose below 12 mmol/l [17, 20] . Hyperglycemia has been associated to a higher risk of intraventricular hemorrhage. However, causal relationship has not been proven because it is not possible to say whether severe hyperglycemia damages the brain or whether children who have suffered damage to the brain are at higher risk of developing hyperglycemia [2, 17] .
Pathophysiologic Basis of Hyperglycemia
Several studies have shown that plasma glucose and insulin levels were higher in preterm than in term infants [21] [22] [23] . In hyperglycemic preterm infants pancreatic ␤ -cells are sensitive to changes in blood glucose concentration [24, 25] . However, pancreatic ␤ -cells only increased the secretion of the nonprocessed proinsulin in response to hyperglycemia ( fig. 4 ) . Proinsulin is 10-fold less active than mature insulin and does not allow controlling plasma glucose levels. Hyperglycemia is likely related to a defective islet ␤ -cell processing of proinsulin [24] . There is also evidence that preterm infants are partially resistant to insulin action as documented by higher proinsulin and insulin levels than in term infants ( table 1 ) [24] . Furthermore, using the euglycemic-hyperinsulinemic clamp technique Farrag et al. [26] showed that insulin at a relatively low concentration reduced significantly hepatic glucose production in the preterm infants. Higher insulin infusion rates which led to a 10-fold higher plasma insulin concentration did not significantly enhance this effect. The authors concluded that this pattern of response of glucose production to insulin is consistent with the definition of insulin unresponsiveness and may be related to a postreceptor defect. Others have shown that by contrast with adults hepatic glucose production persisted during parenteral glucose infusion in preterm infants [27, 28] . We observed that plasma glucagon levels were lower and the insulin/glucagon ratio was higher in preterm than in term infants ( table 1 ). These hormonal conditions are not those required for activating gluconeogenesis. Thus, persistent gluconeogenesis may not be the cause of persistent glucose production during hyperglycemia. The specific glucose transporter GLUT-2 allows glucose uptake or release by the liver in response to changes in plasma glucose concentration. Once inside the hepatocyte, glucose is converted into glucose-6-phosphate by glucokinase, before entering in the various metabolic pathways. Glucokinase is an insulin-dependent enzyme. It may be decreased in the liver of preterm infants due to the relative defect in insulin activity and/or In both preterm groups gestational age was less than 30 weeks. Blood samples were obtained in the hyperglycemic group when capillary glycemia was found at least twice above 11 mmol/l, before insulin infusion was started. In both other groups, blood samples were collected during the first week of life.
a Significantly higher than nonhyperglycemic preterms (p = 0.006). b Significantly higher than in full-term neonates (p < 10 3 ).
c Significantly lower than the full-term neonates (p = 0.028).
sensitivity [29] . This should lead to an excessive output of glucose in the circulation because hepatocytes are unable to metabolize glucose efficiently. In addition, insulinsensitive tissues such as adipose tissue and skeletal and cardiac muscles are less abundant in preterm than in term neonates. This, associated with insulin resistance, may lead to diminished peripheral glucose uptake and may also contribute to hyperglycemia.
Management of Hyperglycemia
As discussed above there are many conditions associated with neonatal hyperglycemia. Treating the underlying condition and avoiding the precipitating factors are basic concepts in the management of hyperglycemia. Excessive glucose administration rate should be avoided as there is a significant correlation between the rate of glucose infusion and plasma glucose concentration. Glucose infusion should be maintained at a rate of at least 4-7 mg/kg/min to match basal glucose requirement [19] . Reducing glucose infusion to an extremely low rate to manage hyperglycemia significantly reduces caloric and protein intakes: depriving these neonates of protein and carbohydrate substrates may have long-term effects on their growth and development. Exogenous insulin therapy should be administered when blood glucose concentration exceeds 12 mmol/l ( 1 215 mg/dl) [17] . The euglycemic-hyperinsulinic clamp technique was used to evaluate insulin sensitivity [26] . This led to recommend the use of insulin infusion at a starting rate of 1 mU/kg/min, which may be gradually increased to 2 mU/kg/min [19, 18] . At the rate of 1 mU/kg/min a 44% reduction in glucose production was documented [26] . The blood glucose concentration should be maintained within an acceptable range (i.e. 5.5 to 8.25 mmol/l) to avoid the risk of hypoglycemia. It is important to prevent adherence of insulin to the plastic tubing, especially when using low concentration and low flow rate. In order to ensure regular rate of insulin infusion it is recommended to flush the tubing with at least 5-10 ml of a solution containing insulin at a concentration of 1-5 U/ml before initiating continuous insulin infusion in the patient [30, 31] .
Glucose homeostasis in the neonate is a complex process which involves multiple metabolic pathways. In preterm infants, immaturity of many functions makes this regulation more complex and many of its aspects, as physiopathology of hyperglycemia, require further investigations both at physiological and molecular levels. Consequences of being exposed to extrauterine environment during the period corresponding to the third trimester of pregnancy have not either been fully evaluated. Recent data indicate that insulin resistance is present in children 4-10 years old who were born prematurely [32] . The authors proposed that the decrease in insulin sensitivity predisposes preterm infants to type 2 diabetes mellitus in adulthood as already demonstrated among term infants born small for gestational age [33] [34] [35] . These results mean that extra-uterine environmental manipulations during the vulnerable period of adaptive change in the third trimester may influence future functional adaptations. More research is needed to identify long-term consequences of metabolic and nutritional support during early life in preterm newborn infants.
